In this study, a fast, low-cost, and facile spray method was proposed. This method deposits highly sensitive surface-enhanced Raman scattering (SERS) silver nanoparticles (AgNPs) on the paper-microfluidic scheme. The procedures for substrate preparation were studied including different strategies to synthesize AgNPs and the optimization of spray cycles. In addition, the morphologies of the different kinds of paper substrates were characterized by SEM and investigated by their SERS signals. The established method was found to be favorable for obtaining good sensitivity and reproducible results. The RSDs of Raman intensity of randomly analyzing 20 spots on the same paper or different filter papers depositing AgNPs are both below 15%. The SERS enhancement factor is approximately 2 × 10 7 . The whole fabrication is very rapid, robust, and does not require specific instruments. Furthermore, the total cost for 1000 pieces of chip is less than $20. These advantages demonstrated the potential for growing SERS applications in the area of environmental monitoring, food safety, and bioanalysis in the future.
Introduction
Since the Raman scattering phenomenon was discovered, scientists from different research areas made a large number of in-depth studies of the theory, and many applications of Raman spectroscopy achieved with fruitful results. In the early stages of study of Raman spectroscopy, the poor power and the monochromatic characteristics of the laser light source limited the development of Raman spectroscopy. To date, the surface-enhanced Raman scattering (SERS) overcomes the shortcoming of low sensitivity of conventional Raman spectroscopy, and can provide more structural information adsorbed on or near a metal surface molecules [1, 2] . SERS has been widely applied to the surface of the study, the interface surface state of the adsorption, biological macromolecules interface [3] , and the configuration conformation, etc. [4] [5] [6] [7] .
The microfluidic technique provides a highly defined space that can address the behavior, control, and manipulation of fluids at volumes on the order of microliters and handle a variety of different reactions easily and accurately [8, 9] . In addition, other advantages are obvious such as the low sample consumption [1, 10, 11] , faster analysis and response [12, 13] , massive parallelization and integration [8, [14] [15] [16] . Combining these attractive lab-on-a-chip features with the Raman spectroscopy provides a promising platform for synergistically integrating the variety of implemented functions with a flexible sample control. The sensitive, rapid, and noninvasively detecting results have attracted much attention in recent years [3, 17] . Many SERS applications on microfluidic platform have been developed [1, [18] [19] [20] [21] . Recently developed paper-based microfluidics technology represented an economical and effective way to perform simple operation, easy to transport use. This technology was quickly applied to a series of different areas of research, such as point of care [22] [23] [24] [25] , SERS Colour Online: See the article online to view Figs. 1, 2, 4, and 5 in colour. [26] [27] [28] , electrochemical sensor [29] [30] [31] , and cell culture, etc. [32] .
Increasing efforts have been invested into the SERS investigation on the paper's format. Especially, it is critical to prototype nanoparticles on cellulose substrate in a controllable and easy way. Some methods have been proposed for this based on different mechanisms. For instance, White et al. first used an ink printer to realize SERS detection by patterning nanoparticles on the paper substrate with satisfied results [26] . Sun et al. achieved an efficient SERS test strips by simple physical vapor deposition (PVD) coating [33] . Lee and Ngo developed the method by soaking paper into the nanoparticle solutions [27, 34] . These approaches offer some useful explorations to prototype SERS paper strip.
However, these methods have few limitations. For example, in the printing method the silver nanoparticles (AgNPs) could not be maintained for a long time because these particles are easily oxidized by air . Hence the frequent replacement of nanoparticle solution in the ink cartridge is needed. However, the ink cartridge is usually placed inside the machine that makes the process of replacement very cumbersome. In addition, the aggregation of the AgNPs occurs easily but is hard to observe because of the placement of ink cartridge inside the machine, which leads to the clogging of the printer's nozzles and causes damage to the machine. In the PVD method, the AgNPs can be uniformly distributed on the paper with very stable signal, but the method needs to be equipped with very expensive instrument and sputtering bombardment of a silver or gold target is also very costly. In the dipping method [34] , it generally takes a long time (1 or 2 days) to prepare the paper strip by immersing it into the Ag or Au nanoparticle solution.
In order to address these issues, to our best knowledge, this work represents the first approach of using spray deposition method to fabricate SERS substrate on the papermicrofluidic device. Compared with the previous methods [26, 33] , the scheme provides a simple, rapid, and low-cost solution to realize the nanoparticles' deposition on the paper with desired results. The rhodamine-6G (R6G) was used as a model to show this concept. This method does not require a PVD equipment or a professional printer, and the nanoparticle's deposition can be rapidly realize with the help of an inexpensive spray bottle that is very convenient.
Materials and methods

Chemicals and materials
All chemicals used were of analytical grade. Silver nitrate (AgNO 3 , 99.8%), sodium borohydride (NaBH 4 , 96%), and sodium hydroxide (NaOH, 96%) were obtained from Sinopharm Chemical Reagent Co. (Shanghai, China). Hydroxylamine hydrochloride (NH 2 OH·HCl, 98.5%) and trisodium citrate dehydrate (C 6 H 5 Na 3 O 7 ·2H 2 O, 99.0%) were purchased from Guangcheng Chemical Reagent Co. (Tianjin, China). R6G was obtained from Aladdin. Ultrapure water purified with a Milli-Q system (18 ⍀/'cm resistance) was used in all aqueous solutions and rinsing procedures.
Preparation of AgNPs
The silver colloids used for SERS were similar to that used in the previous reports. Briefly, AgNPs were prepared by two different methods. In one method, silver nitrate was reduced by using hydroxylamine hydrochloride (HH) [35] and in the other method sodium borohydride was used to produce AgNPs, where the citrate was employed as a stabilizer [36, 37] . In the HH reduction, 90 mL of HH solution (1.67 × 10 −3 M) containing 3.33 × 10 −3 M sodium hydroxide was prepared. Then 10 mL of silver nitrate solution (10 −2 M) was added to this solution and continuously stirred for 1 h. In the preparation of citrate-stabilized AgNPs, 250 L of 100 mM AgNO 3 and 250 L of 100 mM trisodium citrate were added to 100 mL of water while stirring. Then 6 mL of 5 mM NaBH 4 was added to above aqueous solution while stirring. The colloidal silver solution was stirred for another 30 min and then stored overnight.
Prior to use, the two kinds of colloidal silver solutions were centrifuged at 7000 rpm for 10 min to concentrate nanoparticles. Ninety-five percent of the upper supernatant was discarded after centrifugation, and glycerol was added to the remaining 5 mL AgNPs solution to adjust the viscosity and surface tension of colloid on the paper in the volume ratio of 2:5 (glycerol/colloid solution). The glycerol has not had obvious Raman signals after our first test. After the solution was well mixed, the AgNP solution was deposited onto the paper through a spray bottle and air-dried at room temperature.
Instruments
The chip was designed with drawing software (Adobe Illustrator) and then directly printed onto the filter paper (Whatman chromatography No.1 paper, GE) by a wax printer (XEROX Phaser 8560DN) with highest resolution of 2400 dpi. After printing, the paper strip was kept in an oven at 150ЊC for 20 s in order to let the wax penetrate through the paper completely, forming a hydrophobic barrier.
The morphology of the AgNPs on the paper chip was characterized by SEM using a Hitachi-4800 scanning electron microscope operated at an accelerating voltage of 5 kV. Hydraulic radius determination was performed by the Zetasizer 3000HS particle size analyzer instrument (Malvern, UK). SERS spectra were acquired from confocal DXR Raman spectrometer (Thermo Fisher, USA). A 632.8 nm diode pumped He:Ne laser was equipped with a power of 3.8 mW. An objective lens was used to focus the excitation light onto the cellulose substrate and all spectra were collected with an 8 s integration time. Using a micropipette, 10 L R6G was placed onto the chip. SERS measurements were acquired after paper was dried and exposed to CCD for 2 s. 
Results and discussion
Characterization of device and methodology
The schematic diagram of paper fabrication progress using spray technology is shown in Fig. 1A and B. First, we use printer (XEROX Phaser 8560DN) for designing a structure that contains hydrophobic and hydrophilic areas on the paper chip. The chip's dimension was 35 mm × 15 mm with a square shape. The circular portion of the intermediate hydrophilic region had a diameter of 6 mm and the remaining surface was covered by wax. After 20 s of wax melting, the wax penetrated the paper creating a barrier that blocks the flow of water. The prepared 14 mL AgNPs solution was contained in the spray bottle that was used to spray the AgNPs onto the cellulose paper kept at a vertical distance of 10 cm and the air-dried at room temperature (Fig. 1C) . We noticed that even if chips' surface was coated with AgNPs, water can be very easily transported in the hydrophilic region, thus maintaining the surface hydrophilic effect. Therefore, when the analyzed sample was added by micropipette, it distributed well in the whole detection area, which guarantees a favorable condition for the following SERS experiments.
Two classic methods using different procedures to employ the synthesis of AgNPs were reported. In one method silver nitrate is reduced by HH and other method uses sodium borohydride, which is stabilized by citrate (SC). To understand the Raman contributions of these two methods, we made preliminary assessments for their AgNPs, respectively.
The particle size was measured by Malvern particle size analyzer, and the results are shown in Supporting Information Fig. 1 . The particle diameter using HH method, and the sodium borohydride method was 69 nm and 38 nm, respectively. The preliminary SERS test was performed using R6G in solution (not on paper) and the results are shown in Supporting Information Fig. 2 . It has been observed that AgNPs synthesized by HH method had a higher signal than synthesized by the other methods. Therefore, the HH method was chosen for the preparation of AgNPs for following experiments.
Comparison with direct dropping method
After the comparison of different nanoparticles synthesis method, we will need a method to uniformly cover the AgNPs on the paper. Although the dipping method has uniform coverage, but the method of production time is too long, usually require one to two days, and a long period of air exposure will affect the SERS activity of nanoparticles (see subsequent discussion). Therefore we proposed a quick and feasible strategy to deposit AgNPs onto the paper.
Actually, when talking about the spray deposition method, a question naturally asked is whether dropping the AgNPs onto the paper directly is much simple. Due to the coffee ring effect, when a drop solution containing nanoparticles was directly added on a filter paper, the nanoparticles are deposited in the edge region at higher concentration than in the intermediate region [38, 39] . While the substrate's or the paper's unevenness also can lead to an irregular flow distribution on the paper, which results in the irregular particle deposition. On the other hand, spray method can produce tiny and well-proportioned shape droplets that could be very effective and convenient to generate uniform distribution on the paper. To prove this point, we measured two kinds of chips using the direct dropping and spray methods, and randomly selected their 20 different spots, respectively, to measure their Raman signals. The results are displayed in Supporting Information Fig. 3 . The RSD for dropping and spray methods are 64.4 and 14.5% (n = 20). As expected for the case of nanoparticle's deposition, the spray method's measurements reveal more reproducible and accurate data. In addition, we also obtained SEM images to illustrate the differences of AgNPs deposition between these two methods. As shown in Supporting Information Fig. 4 , it can be easily observed that the depositions are not uniform using dropping method and this result is in agreement with its SERS signals (Supporting Information Fig. 3 ).
Optimization with different spray cycles and on different kinds of paper
The AgNPs substrate plays a very important role in the SERS signal enhancement. Obviously, the number of AgNPs deposited on scraps of paper is related to the number of spray cycles. In order to make the Raman signal for ideal effect, we investigated about the number of cycles of the spray optimization first. A total of 5 × 10 −6 M R6G was used as an example and the laser was excited at 633 nm wavelength with the power at 3.8 mW. As shown in Fig. 2A , the signal is very tiny at the beginning because the amount of AgNPs deposited onto the paper is relatively small, and it is difficult to form a hot spot effect. With the spray cycles increasing, the signal intensity has an exponential enhancement. It is generally regarded that the high surface density of AgNPs shows more energetic SERS activity. When increased from 25 to 35 cycles, the signal strength reached a plateau and remained saturated. Taking into account that the increase of the spray cycles increases AgNPs, we did not make a further investigation after 35 cycles because it is not cost-effective and was considered wastage of time. The working conditions of spray cycles were chosen as 25 cycles for the following experiments unless otherwise noted.
Recently, paper as a low-cost, easy to transport, and ideal material has attracted much attention. In order to establish the universality of the method, we conducted a test using a variety of different papers and the spray cycles were kept at 25. The commonly used papers include sulfate paper, napkin paper, printing paper, kraft paper, newspaper, and filter paper. Figure 3 provides a photo of AgNPs deposited onto different papers taken under the SEM with the 20 and 2 m scale bars depicting the original SEM images and its enlarged insets, respectively. Although the mechanism for the SERS enhancement is still not completely understood, it is generally regarded that the formation of SERS hot spot plays an important role. Figure 3C , E, and F shows the AgNPs aggregation phenomenon on the printing paper, newspaper, and filter paper, respectively. The formation of silver clusters generates a hot spot effect, which promotes enhanced Raman scattering effect and increases the sensitivity of detection [2, 40] .
In order to further prove that different papers producing the AgNPs clusters may affect the hot spot effect, a concentration of 1 × 10 −6 M R6G's Raman scattering signal was detected on different materials of the paper as shown in Fig. 2B . It can be observed that filter paper and printing paper have strong Raman response. The newspaper, napkin paper, and kraft paper's signal appear weaker than the printing paper and filter paper. The sulfate paper showed smallest Raman intensity. Several successful attempts to perform this process were carried out, which indicates the spray technique could be a versatile nanoparticle deposition method used on different papers. The cost of reagent to fabricate 1000 chips (not included the expense of spray bottle) is only $10 that makes it very cost-effective (shown in Table 1 ). In this approach, the filter paper's attractive characteristics of fluid's easy transportation and water phase emulsion uniformity of diffusion and reaction make filter paper the best choice than others.
The method's sensitivity and reproducibility
For obtaining the good sensitivity and reproducibility, some optimization has been implemented as mentioned above, including the different nanoparticles fabrication routine, the spray cycles, and the various materials of the papers. After completing them, the sensitivity and reproducibility of this method were evaluated by using R6G as a model molecular to explore this strategy. Figure 4A shows the representative Raman spectra of R6G at various concentrations with the paper sprayed by AgNPs for 25 cycles. There are many spectra features that are characteristic of R6G, which can be used for direct quantitative determination, such as those at 1177, 1300, 1360, 1580 cm −1 . According to the spectra shown, the peak around 1360 cm −1 was the most representative one, and its intensity was very sensitive. Therefore, it was chosen as an ideal peak for the quantitative analysis of R6G. A series of 10 L concentrations of R6G ranging from 10 −9 to 10 −5 M were introduced to the hydrophilic region and the results are illustrated in Fig. 4B . Data represent the average of measurements from four different detection spots. The values showed a good quantitative agreement with the results determined by dipping or printing method reported in the literature.
In the present study, the analytical SERS enhancement factor was calculated using the following formula:
where C S is the concentration of the analyte solution that produces a spontaneous Raman signal, and C SERS is the concentration of analyte analyzed on an SERS substrate. The I S and I SERS represent their Raman signals under the above experimental conditions, respectively. For a 10 mM R6G without SERS amplification effect, the acquired SERS signal (n = 4) versus 1360 cm −1 was approximately equal to the signal obtained for 5 × 10 −10 M R6G on the paper deposited with AgNPs. This indicated that the enhancement factor was 2 × 10 7 . As the paper substrate had more random irregular structure than glass or other substrate, to keep consistency in measured signal intensity will be an important issue for SERS analysis. Therefore, the reproducibility of Raman performance was evaluated at different locations and in different papers. In Supporting Information Fig. 3, 20 randomly deposited SERS active spots on the same paper were investigated and the RSD result was fine (14.5%). Supporting Information Fig. 5 showed its corresponding SERS spectra respectively. Meanwhile, we also recorded SERS signals by analyzing 5 × 10 −6 M R6G on the 20 different filter papers deposited with AgNPs. As illustrated in Fig. 5A , there were no significant differences observed between 20 curves and the SDs were only 14.2%. The experimental deviation is mainly coming from the irregular paper structure, herein, the RSD (approximately 15%) is reasonable. These results revealed that the spraying deposition of AgNP is favorable to obtain a good and stable performance.
The investigation of SERS activity change with time
To test the SERS activity of silver nanostructure obtained by spray deposition, we investigated its relationship to the time change by using fresh spray strips without N 2 atmosphere protection. It was clearly observed in Fig. 5B that there were no obvious changes for Raman intensity during the first 9 h. When the time extended to nearly 14 h, the Raman signal decreased. But when it was exposed in the air for more than one day, the strip's Raman activity decreased and was hardly used for SERS detection. The results are in agreement with the previous report [33] . This phenomenon indicates that the SERS strip needs to be fresh or well-protected by nitrogen or other inert gas. Though the long exposure time to the air will result in the loss of SERS activity, our spray process provides a facile way to fabricate fresh strip. SERS strips are easily available and overcome the limitation of the oxidation of AgNPs. Herein, this advantage will show more potential to SERS strips research. 
Concluding remarks
In this article, a novel low-cost, rapid, and feasible fabrication method of AgNPs assays on the paper-microfluidic format for SERS detection has been proposed. Compared with previous methods, this method does not need specific or expensive equipment and avoid tedious progresses that enable people to fabricate high performance SERS strips quickly and feasibly in any lab. Using this method, we can achieve the high-sensitivity detection of 10 −9 M R6G with good reproducibility and its RSDs are below 15% on different papers or different locations. More important, the total cost of 1000 pieces of paper can be reduced to less than $20. Owing to the paper's attractive features such as low-cost, lightweight, and easy-to-perform detection, this simple spray strategy will be a prospective candidate for the SERS applications such as environmental monitoring, food safety, and rapid analysis detection.
